CONTENTS (CON'T)

TABLES
N2)
INTRODUCTION
Through-Bulkhead Initiators (TBIs) are used to initiate explosives or pyrotechnics inside vessels that have a need to maintain bulkhead integrity. In the past few years, the emphasis on safety and surety of explosive subsystems, particularly with stray or static electricity, has placed increased emphasis on the desirability of a reliable TBI. Use of a TBI allows initiation inside vessels without electrical paths, thus precluding accidental initiation of explosives inside the vessel by stray lightning or static electricity.
Feasibility of a Fail-safe TBI was investigated in 1977 by Al Schwartz'. His investigations were on a configuration that utilized PETN explosive and 304 stainless steel bulkheads. He noted that TBIs have been developed for several other programs, including the Saturn V Launch Vehicle and the Navy C-4 ordnance for Trident. None of these applications investigated the effects of thermal cycling and operating at cold temperatures. Although not proven, there has been a concern that during thermal cycling, there may be a tendency for donor and acceptor explosives to creep away fiom the bulkhead. Because finctionality of a TBI is dependent on transmittal of a shock fiom the donor explosive to the acceptor, the presence of small air gaps could be catastrophic.
To address the question of mechanical creep during thermal cycling it was decided to investigate the use of an explosive other than PETN as the donor and acceptor. The alternate explosive was BNCP2. This is a relatively new DDT explosive that is a chemical analog of CP which has been used for several years in Sandia designed DDT detonators (for example the MC3614 and MC3990A):" CP is no longer synthesized primarily because of a low need, but also because the common method of manufacture requires use of hazardous cyanogen gas. BNCP does not require the hazardous process step and has desirable attributes such as a higher detonation pressure and increased sensitivity. Like CP, BNCP is inorganic in nature, and has hard crystals that are not prone to creep. PETN is rather "mushy," and more likely to take on a permanent mechanical "set" after thermal cycling. Some work has been done to characterize the use of a PETN extrudable explosive (LX13) as the donor. The problem with such extrudables is the lower shock pressure and decreased initiation sensitivity because of the inert binder in the explosive.
The use of Inconel 718 was addressed to determine ifthere was any reason to use an alloy with a higher yield strength than that of 304 stainless steel (the tensile strength of Inconel 718 is about 180 kpsi compared to 85 kpsi for 304 stainless steel).
To address these questions, a study was set up that used a simple TBI explosive configuration l i e that shown in Figure 1 . The nomenclature of the various aspects of a typical TBI design are identified in the simplified sketch shown below in Figure 1 . Factors that are considered in TBI designs are the ratio of donor length to bulkhead thickness &It), the ratio of donor to acceptor diameters @/d) and the length to diameter ratios of the explosive columns &/D and Vd). In this study, D/d was fixed at approximately 2 and Vd was also fixed at approximately 3. The L/D ratio was a variable greater than 2, and the ratio of L/t was varied from 5: 1 to 1 :2. Also, the radii on the felt bottom sunFace of the donor and acceptor counterbores was a minimum of 0.15 inch. It was that sharp corners in these regions would enhance crack growth. There were basically two parts to the study. The first being characterization of the output pressure from the bulkhead as a function of the donor and bulkhead thickness/material. The second part was determining whether or not there was good detonation of the acceptor explosive for the various donorhulkhead configurations. The work is presented as a series of sketches, tables, and graphs that show the results from each family of samples that were tested.
Typical Explosive Configuration of a Through-Bulkhead Initiator
EXPERIMENTAL RESULTS
EXPLOSIVE CHARACTERIZATION:
The explosives used in this study are as follows: PETN This material was Type I PETN, Batch A-1 10. It was originally prepared by EG&G/Mound for use in EBW detonators and has a mean surface area of 4000 cm2/g as determined by the Fisher subsieve method. It was used as the donor-explosive at a density of 1.6 g/cc and as the acceptor explosive at a density of 1 .O g/cc.
BNCP
This material was manufactured by Unidynamics Phoenix Inc. (now Pacific Scientific Corp.), and is lot number EL-94377. This material has a monoclinic structure with a nominal particle size of -100 pm. The theoretical maximum density of BNCP is 2.03 g/cc. It was used as the donor at a density of 1.8 g/cc and as the acceptor at a density of 1.2 g/cc. A small number of tests were conducted with an acceptor density of 1.0 g/cc.
HMX
The HMX used for the output pellets on the explosive acceptors is Orade II, Class B material that was originally obtained fiom Los Alarnos National Laboratories. The lot number is HOL83L-030-050. The particle size distribution of this HMX was not measured, however Grade II, Class B material has a screening requirement where 75% of the material must pass through a number 325 sieve (44 pm). The HMX was in the form of prepressed pellets weighing 7.3 +/-0.3 mg.
Upon recompaction on the acceptor explosives, the final density of the pellets should have nominally been 1.77 ghc.
BULKHEAD DONOR CHARACTERltATION STUDIES
The pressure output of the TBI configurations were characterized using the pressure that was input to a PMMA window. The window was aluminized on the bulkhead contact surface so that the motion of that surface could be measured with fixed-cavity VISAR. The Reynolds RP-2 detonator8 was used as the initiation source throughout this investigation.. The RP-2 detonators were always fired at 2000 volts. Slightly different configurations were used for the steel and Inconel bulkheads as shown in Figure  2 , For steel, the donor explosive was of a fixed length of 0.080 inches. By varying the counterbore depth for the RP-2 detonator, the desired bulkhead thickness was obtained. For the majority of the Inconel bulkheads, the donor length varied and the RP-2 detonators were attached to the samples with a plastic adapter. On a few of the steel bulkheads, a 0.005 inch thick steel flying plate was used as the donor as shown in Figure 2 . The explosive donors were either PETN at a density of approximately 1.6 g/cc or BNCP at a density of approximately 1.8 &c. The actual densities for each test are shown on Table 1 and Table 2 in the Appendix. These tables also give the knction time of each test where the function time is the time from the start of current to the Rp-2 detonator to the start of motion of the mirrored PMMA surface.
PMMAPRESSURE RESULTS
A third set of tests were conducted at Pantex by Paul Kramer. In those tests, the bulkheads were 304 stainless steel, the donor length was a constant 0.32 inches, and the explosive was LX13. No records of explosive density were maintained since LX13 has a constant density of 1.53 g/cc. The.
results fiom all of the PMMA / V I S A R tests are shown on Figure 3 . All of the PMMA particle velocity results have been converted to the pressure in the steel bulkhead. Inconel data were reduced using the Hugoniot for 304 steel. The data points on Figure 3 are the peak pressures that were obtained. The actual VISAR traces fiom which There are several aspects of Figure 3 that merit discussion. Most obvious is that the highest peak pressures were obtained using the flying plate as the donor. Due to the flyer thickness, and hence the duration of the shock input pulse, the output pulse has a short duration. The second observation is the disagreement between the pressure data for steel / PETN obtained here as compared to obtained by Schwartzl for the same materials. This disagreement is probably real and is attributed to the different test configurations. For example, Schwartz used a donor diameter of 0.125 inch, compared to 0.156 inch here. Also, the detonators that initiated the donors were quite different. Schwartz used a detonator with a PETN output fiom a column that was about 0.1 inches in diameter. The RP-2 on the other hand has an explosive diameter of 0.156 inches and a RDX output pellet. The more brisant donor used here may explain the higher shock pressures that were observed in this study at the bulkheadDMMA interface. A third observation is in regard to the relative behavior of BNCP versus PETN. When in a steel TBI configuration (with a constant 0.080 inch long donor), the shock pressure for PETN was higher than for BNCP, however when in the Inconel TBI configuration (with much longer donors), the effect was reversed. The longer donor lengths in the Inconel tests may also have had some effect on this result, particularly if the BNCP donors were not reaching full detonation in the shorter lengths. Note also that in Table 1 , the density of the shorter BNCP pressings was about 1.73 g/cc in the steel housings. In Table 2 , the density in the Inconel housings was about 1.8 g/cc. This density dfierence may also partially explain the reversal in behavior. Regardless, there is no reason to suspect the data. FUNCTION TIME RESULTS (at the bulkhead) Another important aspect of a TI31 design is consistent and predictable function time. The timing data in Table 1 and Table 2 were analyzed based upon the function time of the detonator, the detonation velocity of the donor explosive, and the shock velocity in the metal bulkhead. The constants chosen for these parameters were selected to provide the best fit to the experimental data. Additional information regarding the calculations is shown in the Appendix, Tables 6, 7 , and 8. The RP-2 function time was measured at 2.43 and 2.47 ps, however 2.35 ps was used in the calculations. The reportedss6 detonation velocity of PETN at a density of 1.6 g/cc is 7.74 mm\ ps. For these calculations however, the velocity chosen was 7.0 d p s . Likewise, the BNCP detonation velocity was chosen to be 6.0 d p s . The shock velocity in the metal was calculated fiom the steel Hugoniot data using the measured particle velocity. Note that this velocity is at the bulkhead surface, and not the average velocity across the bulkhead; that is,.attenuation was ignored. It is recognized that the shock velocity on this surface is lower than the average velocity, thus the predicted function times are slightly greater than a true prediction, however this contribution to the function time is relatively small. The graphs of these data are shown on Figure  4 and Figure 5 . Had the measured RP-2 detonator fhction time and reported detonation velocities been used for these fits, the predicted lines would have shifted up by 0. I ps and the slope would have been slightly steeper. Note that the data encompasses a L\t ratio that varies from 0.8 to 7.5. 
EXPLOSIVE ACCEPTOR FBI) CHARACTERIZATION STUDIES.
STEELBULKHEAD OUTPUTRESULTS
The test samples for the TBI tests are depicticted in Figure 6 . The seal disks were 0.25 inch diameter stainless steel disks that were 0.005 inches thick. They were attached to the bulkhead structure with Eastman 910 adhesive. As noted earlier, the measure of performance was the acceleration and final velocity of the flying plate that was sheared fiom the seal disk. These VISAR traces are shown on Figures 8 through 11 . Throughout this study, the operator of the VISAR system experienced low reflected light levels due to poor surface finish of the flying plates. This caused poor signal acquisition after about 0.5 ps of flyer travel on most of the tests. The data is not shown after becoming erratic. This is not an indication of poor TBI behavior, but of an artifact of the VISAR measurement (surface finish of the flyers). On all of the VISAR plots, the data is positioned on the time axis to more clearly show the differences between samples. The location of individual plots fiom left to right corresponds to the legend identification fiom top to bottom. The function times of the individual tests are shown in the corresponding Tables in the  Appendix (Tables 3,4 , and 5), and will be discussed in a manner like shown earlier with the PMMA bulkhead tests.
The explosive acceptors were either a flying plate, PETN at a density of 1 .O g/cc, or BNCP at a density of 1.2 g/cc. A few tests were conducted with BNCP at a density of 1.0 g/cc in the constant length steel configuration. In all cases, an HMX output pellet was used to accelerate the flying plate. This output pellet was chosen to duplicate that used in the MC3990A Detonator4 so that results could be compared to a known device. For future reference, the MC3990A accelerates a 0.005 inch thick Hastelloy flyer an average flyer velocity to 2.7 mm/ps (at a distance of 2 mm). Note that in all of these tests, the donor diameter is about twice that of the acceptor and also matches the explosive diameter of the RP-2 detonator. The TBI samples also match the donor configuration of the PMMA / VISAR test specimens. Figure 7 shows the VISAR data fiom the 0.005 inch thick donor flying plate fiom the RP-2 detonator and for the flyers from the steel TBI tests that used the RP-2 flyer as the donor. Figure   8 shows the flyer data for the steel TBI tests that used explosive donors. The BNCP acceptors at 
INCONEL BULKECEAD OUTPUT RESULTS
The majority of the Inconel 718 bulkhead tests used samples like those shown on the right side of Figure 6 where the donor length was a variable between 0.18 and 0.24 inch. Four tests were conducted with the 0.080 inch long donor, two with PETN and two with BNCP. Table 4 gives the loading data and finction times. The samples in Table 4 were tested at ambient temperature, and there was no thermal cycling of the parts. The VISAR results are shown on Figure 9 and Figure 10 for PETN and BNCP respectively. Note that these figures also contain the data for the .060 and .080 inch thick bulkhead units that were thermal cycled and tested at -65OF. Their loading data are in Table 5 . Overall, the behavior of the flying plates was quite good, with some of the flying plate velocity profiles staying flat for a microsecond. The units with PETN acceptors , tended to reach terminal velocity within 0.1 ps afker the initial jump. In contrast, the units with BNCP acceptors were still showing a gradually increasing flyer velocity-This observation was also made with steel bulkhead units and hrther supports the conclusion that PETN was undergoing prompt detonation off the bulkhead where as the BNCP was not. One anomaly on Figure 9 is the velocity trace for the 0.160 inch thick bulkhead unit with PETN. It's initial acceleration was slower than the rest of the TBIs for reasons unknown. As with the steel TBIs, the BNCP units had higher terminal velocities than did the PETN units. The final set of Inconel TBIs were thermal cycled and tested at -65OF. These were units with flying plate donors and 0.080 inch long donors and long donors. The thermal cycling consisted of transporting the samples between thermal chambers that were stabilized at -65°F and +165"F. The samples were left in each thermal chamber for a minimum of 4 hours and the transfer between chambers occurred rapidly so that the units experienced a thermal shock. Four complete cycles of cold to hot to cold were given. The units were then tested at -65°F which is generally considered the worst a severe case for explosive testing. The bulkhead thicknesses in this phase of the study were 0.080 inches and 0.060 inches. The loading data for these samples is shown in Table 5 . The VISAR test results for these units are shown on Figure 11 . The longer donor results were also shown on Figure 9 and Figure 10 . Of these twelve tests, only three showed the proper flyer acceleration. The VISAR operator observed that some of the glued flying plates were loose after the thermal cycling, and this could account for the erratic acceleration behavior shown above. The use of the glued seal disks (which became the flying plates) compromised the validity of the thermal cycling stability argument. However, since some of these units did behave properly, thermal cycling should not be a problem, particularly with BNCP explosive units. If the opportunity arises, some portion of this work should be repeated using welded seal disks with good surface finishes. In Figure 4 and Figure 5 , it was shown that the arrival time of the pressure pulse on the bulkhead surface could be accounted for by the detonation velocity of the donor and the shock velocity in the metal. The predicted corresponding finction time for fist motion of the flying plate output would be the predicted knction time calculations used in Figure 4 and Figure 5 increased by the detonation time of the acceptor portion of the TBI sample. The reported detonation velocities of PETN at a density of 1.0 g/cc (5.52 mm\ps') and HMX at a density of 1.89 g/cc (9.1 mm\ps6) were used to arrive at an acceptor detonation time of 0.83 ps for the PETN samples. For the BNCP samples, the acceptor detonation time was arbitrarily chosen to be 1 .O ps which equates to a BNCP detonation velocity of 4.4 mm\ps. This value is reasonable for the lower density pressing of BNCP. The results are shown on Figure 12 and Figure 13 . On Figure 12 , the data point for the 0.08 inch long donor / 0.100 inch thick bulkhead test appears to be faster than expected. The data for the long variable donors appears to be consistently 0.1 ps slower than predicted. This excess transit time is assumed to be a characteristic induction time at the bulkhead/PETN and PET"MX interfaces. The data at cold temperatures show longer finction times than at ambient, which is an expected result. The BNCP data shown on Figure 13 give somewhat different results. There is negligible induction time, particularly with the 0.08 inch long donor tests. With the longer donors however, a similar induction time is observed for the 0.1 inch bulkhead test. Then as the bulkheads become thicker, the excess transit times shows a consistent increase. This phenomenon is consistent with the classic deflagration to detonation iransition (DDT) process. The DDT time increases as the bulkhead thickness gets larger <ice the input pressure to the explosive acceptor is decreasing. Evidence of the occurrence of DDT will be discussed later in the "Bulkhead Integrity" Section of the report. As with the PEW tests, the BNCP cold tests showed longer finction times than equivalent tests at ambient.
The finction time data fiom the flying plate donors are plotted on Figure 14 . The time for the flyer to travel the 0.08 inch to the bulkhead input surface was found to be 0 . 9~~. This quantity combined with the detonator finction time, bulkhead shock transit time, and acceptor time resulted in the calculated results shown on Figure 14 . For the PETN acceptors, there was a small amount of induction time as experienced with the explosive donors. Also, the data taken at -65OF had longer finction times than at ambient temperature. The data point for BNCP on a 0.040 inch thick steel bulkhead was not used. Note in Table 3 , sample #lo, that the measured fbnction time was 6.41 ps, which is clearly out of line. The data for both explosives at -65°F are not only slower than at ambient, but also show a stronger dependence on bulkhead thickness or input pressure. This was not the case with explosive donors (see Figure 12 and Figure 13 ). It is not known ifthe stronger bulkhead thickness dependence is real. Figure A 6 is from a 0.040" thick bulkhead with PETN as the donor .and acceptor. Note the complete absence of cracks and the straight sidewalls of the acceptor region which indicates relatively prompt detonation of the low density pressing of PETN. Because this sample appeared to be optimum, no other PETN samples were examined. Figure A 7 shows a -080" steel TI31 unit that used a BNCP acceptor and a flying plate donor. Note that there appears to be some DDT occurring in the acceptor (flaring) and excellent bulkhead integrity. Figure A8 shows a 0.060" steel TBI unit that used the 0.080 inch long donor of BNCP and a BNCP acceptor. There was excellent bulkhead integrity in this test, and apparent prompt detonation evidenced by the lack of flaring. Figure A 9 through Figure A 12 show small cracks on the donor surface of the bulkhead. Figure A 8 is like Figure A 9 except for the 0.020 inch increase in bulkhead thickness. The crack in Figure A 9 is barely visible. This is consistent with the concept of equalizing the pressure on both sides of the bulkhead to maintain integrity. Stated otherwise, thinner bulkheads are the better design choice when detonation of both donor and acceptor is present The argument is strengthened when viewing Figure. A 10 where the bulkhead thickness is now up to 0.1000 inches (the other parameters are the same). Here the cracking is more evident and the flaring in the acceptor region becomes more pronounced with the increasing bulkhead thickness. difference between these two shots is the donor length. Note that the amount of flaring on the .18 inch bulkhead is greater than on the 0.100 inch bulkhead. This is consistent with the increasing DDT time shown on Figure 13 . Note also that there is significant cracking in the TBI structure for the two Inconel tests.
CONCLUSIONS
The overall conclusions are that 304 steel is probably a better choice than Inconel as the TBI structural material, and that if explosive donors are to be used, the longer donor length will decrease the DDT length of the acceptor and probably provide more precision timing, however the finction time will be slightly longer due to the increased donor length. If one wishes to significantly reduce the amount of explosive in the component design, the flying plate is quite acceptable as a donor. In any case, the optimum bulkhead thickness is probably in the range of 0.060 to 0.080 inches. At greater thicknesses, the later detonation time (hence greater pressure differential) of the acceptor allows the donor to cause cracks in the bulkhead.
As noted earlier, the use of glued flyers compromised the integrity of the data that was taken on the thermal cycled units. A few of the flyers had to be reattached prior to test. Thus, movement of the acceptor explosive during the thermal cycling was not constrained as it would have been in a welded configuration. The donor explosives were constrained during the thermal cycling with no apparent degradation in performance. It is believed that thermal cycling is not a concern as originally postulated, however the thermal cycling tests should be repeated with steel bulkheads and welded flying plates with optimum surface finishes for VISAR diagnostics. Also, bulkhead integrity should be addressed in a reverse detonation scenario. That is, an ideal fail-safe TBI configuration would maintain bulkhead integrity regardless of the direction of detonation. This aspect of the TBI design was not tested. In Table 6 , P is in kilobars and t is the bulkhead thickness in inches. P=a + bt See Figure 3 for the plot of the pressure data. 
APPENDIX
